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Abstract 
Photovoltaic (PV) installation capacity is limited by the availability of backup generation from the centralized electrical grid. One 
method of increasing PV installation capacity is to install proton exchange membrane fuel cell (PEMFC) systems at the PV 
generation site. PEMFC systems generate electricity and heat simultaneously, thereby utilizing fuel more efficiently. To study 
this concept, simulation was performed for a community-scale system consisting of 12 Canadian households - as opposed to 
single housing units- in order to decrease the fluctuation of the load and increase the modulation capacity of the PEMFC system. 
A power management strategy was developed to control the PEMFC power output in order to integrate with the PV system to 
supply the required electrical load. The power management strategy was implemented with a look-forward strategy using 
forecasted load, which took into account the modulation rate and the range of power output of the fuel cell system. The combined 
PV and PEMFC system simulation results demonstrated a reduction in the community’s reliance on the electrical grid, as 
compared to a PV only system. The integration of technologies reduced the electrical imports from the central electrical grid into 
the community by 82.5%. Additionally, the use of both technologies in the community decreased the necessary backup 
generation capacity from the electrical grid by 24%. These results imply that the PEMFC technologies are able to replace some of 
the centralized power generation in backing up solar power intermittencies, thus, avoiding the installation of additional 
centralized power generation. The utilization of residential PEMFC systems can be used to back up solar intermittencies, 
allowing for increases in PV installation capacity.
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1. Introduction 
The implementation of renewable energy incentive programs has led to an increase in photovoltaic (PV) 
technology capacity throughout the globe. An example of this is the Feed-in-Tariff program in Ontario, Canada, 
where the PV energy generation capacity was increased by approximately 500 MW over the first three years of 
program implementation [1]. However, the intermittent nature of PV energy generation poses issues for the existing 
electric infrastructure. The electrical grid, also referred to simply as the grid, is an interconnected network of 
electricity generation stations, transmission and distribution lines, and substations, which produce and deliver 
electricity from suppliers to consumers. At times when the PV power production exceeds electricity demand in the 
low voltage consumer level, electricity can flow backwards towards the medium voltage distribution lines. Most 
existing electricity infrastructures are not designed to manage his backflow of electricity. Another issue of PV 
energy generation is the necessity for backup electricity generation to maintain reliable electric supply and meet 
fluctuating demands, thus limiting the installation capacity of PV technology on the electrical grid. The latter is the 
issue addressed in this research.  
Distributed energy generation systems located at the source of solar energy production may be used to 
compensate for the intermittent PV generation on the electrical grid. Proton exchange membrane fuel cell (PEMFC) 
is a combined heat and power generation technology that has been researched for this purpose [2, 3]. Distributed 
PEMFC technology is able to compete in the energy market with centralized power generation because of its 
transmission and infrastructure savings, as well as its significantly higher fuel utilization efficiency. 
The objective of this research was to reduce PV technology’s reliance on the electrical grid in order to increase 
the installation capacity of PV. To do this, a power management strategy was developed to integrate the PEMFC and 
PV systems. A residential grid-connected community powered by the two technologies was simulated to assess the 
change in grid interaction.   
The system components involved in the simulated community are outlined in section 2. The power management 
strategy used to couple the two technologies is described in detail in section 3. This is followed by a discussion of 
the results of the model simulation in section 4. Lastly, conclusions of this study are drawn in section 5.   
Nomenclature 
PV  Photovoltaic  
PEMFC  Proton exchange membrane fuel cell 
2. Community System Components 
The application of distributed energy generation using PV and PEMFC was done on a simulated community of 
residential houses. Considering the community level implementation resulted in two benefits: smoothing of the 
electrical load profile, and increasing the modulation rate in PEMFC energy generation. The reasons for an 
aggregated study are further expanded upon in this section. The various system components, consisting of the 
community electrical load, PV system, and PEMFC system are detailed below.  
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2.1. Community Load 
This research used data from 12 electrical loads taken from residential houses located in Ottawa, Canada, 
collected in Saldanha & Beausoleil-Morrison’s study [5]. Saldanha & Beausoleil-Morrison revealed that residential 
electrical load profiles are strongly dependent on occupant behaviour. It was also apparent that single residential load 
fluctuations are frequent and unpredictable.  By defining fluctuation as the ratio between the maximum and the 
average power consumption, electrical loads of a single residential house fluctuated by about 45% more compared to 
an aggregation of 12 houses. This research makes the assumption that the range of occupant behaviour in the 12 
residential electrical loads approximates the diversity of demand patterns that can be found in a neighbourhood 
community of 12 houses in Ottawa. Since the aggregation of electrical loads of 12 houses significantly reduced the 
fluctuation of the electrical load profile, a community level (consisting of 12 houses) power management system was 
implemented in this study.  
In order to apply the power management strategy that will be discussed in Section 3, forecasting of the electrical 
demand was required. Forecasting of the aggregated electrical load was done using the Holt-Winters double seasonal 
exponential smoothing method. This method was compared and used by Taylor [6-8] to forecast short-term load 
profiles in various studies. The forecasted electrical load was matched with the predicted PV power generation in 
order to determine the PEMFC power generation. 
2.2. Power Generating Components 
The two power generating components, PV and PEMFC systems, were modeled in the Environmental Systems 
Performance – research edition (ESP-r) software. The descriptions for the PV and PEMFC models are documented 
by Thevenard [9], and Johnson et al. [10], respectively.  
The PV system was sized to minimize electricity export to the grid. 72 (Canadian Solar 250 W) PV modules were 
roof-mounted in the community of 12 houses, strategically placed to face south.  
There are two system limitations to the application of PEMFC systems for the purpose of backing up PV: the 
modulation rate and the range of power output. Each 1-kW PEMFC unit is able to modulate its output at a rate of 
about 0.60 W/s. In a community of multiple PEMFC units, the units are able to modulate in parallel, achieving a 
higher overall modulation rate. Each PEMFC unit has a maximum capacity, and a minimum power output before 
shut down. Shut downs and start ups were avoided in the interest of minimizing equipment cycling. As a result, the 
minimum electricity demand was used to size the system of PEMFC units so that shut downs would not be required. 
This resulted in the simulation of 12 PEMFC units in the community; each unit with1-kW of capacity.  
3. Power Management Strategy 
In order to operate the PEMFC system in conjunction with the PV system, a power management strategy for 
modulating the PEMFC system was implemented. This strategy involves determining the output of the PEMFC 
system based on the amount of power currently produced and the predicted power generation needed. The two 
system limitations are the modulation limits and the applicable power range of the PEMFC. The logic of the power 
management strategy is described below. The detailed algorithm is illustrated in Figure 1.  
The inputs to the control strategy are the power generated by the PEMFC at the current time step, ௚ܲ௘௡ǡ௧, and the 
forecasted power needed from the PEMFC on the next time step,  ௙ܲ௢௟௟௢௪ǡ௧ାଵ. ௙ܲ௢௟௟௢௪ is the power demand of the 
community after taking the PV generated power into account. The power management strategy first determines 
whether the power required is within modulation limits and the applicable power range. If it is, the power generated 
at the next time step, ௚ܲ௘௡ǡ௧ାଵ, will follow the power required. If the system is within modulation limits, but outside 
of the applicable power range, the PEMFC will modulate to the system range boundary.  
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If the system is outside of the modulation limits, further analysis is required. įt is the time it would take for the 
PEMFC to modulate to the desired power.  This is done to see if the power modulation would be needed at a later 
time, when the modulation is achieved (i.e. if power desired is 1 unit higher than the present power output, and the 
PEMFC isn’t capable of modulating up 1 unit until time įt , it is necessary that at time įt, the power desired is at 
least 1 unit higher than the present power generation). If the power modulation is needed in the future, power will be 
generated to attempt to follow load within its modulation limits. If the power level proposed won’t be needed after 
time įt, then the power generation level will be maintained.  
4. Results 
The power management strategy outlined in Section 3 was paired with the electrical load forecasts mentioned in 
Section 2 to operate the system combination of PV and PEMFC technologies. Simulation was performed over the 
span of 50 weeks (Data from the first 2 weeks of the year was used to initialize load forecasting parameters). The 
results were compared with a community powered only by the PV system.  
A sample day of model simulation is shown in Figure 2. The electrical load, PV power production, and the 
PEMFC power production are in alternating current (AC). The net power curves illustrate the importing and 
exporting behavior of the entire system. During electricity imports, the net power values are negative, whereas for 
periods of electricity exports, the net power values are positive. The power management strategy implemented 
attempts to generate power based on the electricity required from the community residents, after taking the PV 
generated power into account. During times of excess demand, the PEMFC units operate at their maximum capacity 
of 11.8 kW. When comparing the net power outputs of the two systems, it is observed that the integrated system 
experienced a reduction in grid imports, and fluctuations.  
Inputs: 
Power generated at this time step: Pgen,t
Power desired from PEMFC: Pfollow,t+1
Within modulation limits?
|Pfollow,t+1 – Pgen |
Within applicable power 
range?
Generate as desired:
Pgen,t+1 = Pfollow,t+1
Yes Yes
Generate at the boundary: 
Pgen,t+1 = Plimit
No
How long 
would it take to 
modulate?
dt
No
Is there a power need in the 
future, at dt ? 
Generation 
stays the same:
Pgen,t+1 = Pgen,t
No
Generate what’s possible and within power range:
Pgen,t+1 = Pgen,t + Pramp  
and
Pgen,t+1  = Plimit
Yes
Figure 1: PEMFC power management strategy
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Relevant comparison metrics were used to assess the two different distributed power systems’ interaction with 
the electrical grid, shown in Table 1. The peak electricity import from the grid was used to assess the grid capacity 
required for the purpose of backup generation. The peak import from the grid to the PV-only community is 50.2 kW 
and the peak import to the PV + PEMFC community is 38.4 kW. In this respect, the integrated system required 
23.5% less capacity for backup generation from the electrical grid. However, the integrated system increased energy 
exports by 23.7%, because of the increased generation capacity. It can also be observed that the combined system 
reduced total energy imports by 82.5% and increased energy exports by 791%. The integrated system was successful 
in reducing the grid imports that the PV-only system obtained from the grid. However, with the additional 
generation capacity, the proposed system also increased electricity exports to the grid. 
Table 1: Metrics for comparison between the two systems 
Comparison Metrics PV-only System PV + PEMFC Integrated System 
Peak import of power (kW) 50.2 38.4 
Peak export of power (kW) 13.5 16.7 
Total energy imported (GJ) 298.2 52.3 
Total energy exported (GJ) 4.4 34.8 
Time duration of power imports (hrs) 8030.4 3344.4 
Time duration of power exports (hrs) 417.55 5103.6 
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Figure 2: Sample data results for July 8
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5. Conclusions and Future Work 
In order to increase the installation capacity of PV in the electrical grid, the reliance of PV on the electrical grid 
for backup needs to be reduced. This research attempted to reduce PV reliance by coupling the PV technology with 
distributed PEMFC power generation on a residential community level. Coupling with PEMFC reduced grid imports 
to the community by 82.5%, while increasing the community’s energy exports by a factor of 8. The simulation 
results also showed that coupling with the PEMFC system reduced the grid backup capacity for this community of 
12 houses by about 24%.These results demonstrate that the combination of PV and PEMFC systems can free up 
additional central grid backup capacity to support the installation of more PV systems.  
The sizing of the power generating components was conservatively determined based on the load characteristics. 
Future work will test different sizing combinations to further reduce system interactions with the grid. After 
studying the electrical output of the PEMFC system, the thermal output into the building will be simulated and 
optimized as well. Although the financial aspect of installing PEMFC systems in the community isn’t a focus in this 
research, it would be interesting to conduct an economic feasibility study on the implementation of these PEMFC 
systems.  
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